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The Schottky barrier of a metal-semiconductor junction is one of the key quantities affecting the
charge transport in a transistor. The Schottky barrier height depends on several factors, such as
work function difference, local atomic configuration in the interface, and impurity doping. We show
that also the presence of interface states at 2D metal-semiconductor junctions can give rise to a
large renormalization of the effective Schottky barrier determined from the temperature dependence
of the current (IT-characteristic). We investigate the charge transport in n- and p-doped monolayer
MoTe2 1T’-1H junctions using ab-initio quantum transport calculations. The Schottky barriers are
extracted both from the projected density of states and the transmission spectrum, and by simulating
the IT-characteristic and applying the thermionic emission model. We find that barrier tunneling
mediated by localized interface states can lower the effective barrier to a value of only 55 meV. Our
results can help to understand the long-standing disagreements between the calculated and measured
Schottky barriers of these systems. We propose that the small values of the measured barriers are
not due to a perfect line-up of the bands in the two phases but due to large tunneling currents.
1 Introduction
The contact-channel interface is a crucial performance bottleneck
in the development of new transistor technologies. The energy
barrier which charge carriers must overcome to move from the
metal contact to the semiconductor channel, the Schottky barrier,
is one of the main parameters in evaluating the performance of
the device. The atomically-thin transition metal dichalcogenides
(TMDs) are emerging as a possible alternative to silicon for tran-
sistor channels in the next generations of technology nodes.1,2
However, the technology suffers from large contact resistance be-
tween the TMD and the metallic electrode. The resistance can
be reduced by locally inducing the metallic 1T3,4 or the semi-
metallic 1T’ phase5–8 of the TMD and thereafter pattern the 3D
electrodes directly on the 1T/1T’ regions. Understanding and
quantifying the energy barrier of TMD 1T’-1H interfaces is there-
fore of great importance for the development of this technology.
Several techniques exist for extracting the Schottky barrier of
2D metal-semiconductor junctions both theoretically and experi-
mentally. Electronic structure calculations most often extract the
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barrier height from the projected density of states (DOS) along
the transport direction9–12 but the barrier can also be extracted
from the transmission spectrum (TS).11,13 Experimental meth-
ods include Kelvin probe force microscopy7, scanning photocur-
rent microscopy correlated with photoluminescence imaging14
and application of the thermionic emission (TE) model.4–6,8,15,16
The TE model has been utilized to extract barriers of fabricated
TMD heterophase devices typically in the order of a few tens of
meV whereas ab-initio calculations estimate orders-of-magnitude
larger barriers.9–13
In this work, we analyze the Schottky barrier height of pris-
tine monolayer 1T’-1H MoTe2 heterophase devices using density
functional theory (DFT) and non-equilibrium’s Green’s function
(NEGF) transport calculations. Compared to previous investiga-
tions,9–13 we include both the effect of doping and semiconductor
lengths up to 19 nm, which allows for the entire depletion region
to be accounted for. Furthermore, we extract the barriers both
from the projected DOS, the TS, and using the IT-characteristic
and TE model. We study both n- and p-type devices which, due to
tunneling effects, show significant reductions in the effective bar-
riers extracted from the IT-characteristic (IT barrier) compared to
the barriers obtained from the projected DOS or the TS. Tunneling
between the metal and semiconductor states reduces the IT bar-
riers by up to a factor 1.5 whereas tunneling between localized
interface states and semiconductor states can reduce the barrier
by more than a factor of 6. When the tunneling is mediated by
interface states, we find the IT barrier of a n-type device to be 55
meV which is comparable to the experimentally measured barri-
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2 Methodology
We choose a free-standing monolayer interface between the
MoTe2 1T’ and 1H phase as our model system. Even though a
transistor will have two Schottky barriers, one at the source and
one at the drain, a forward bias will effectively create a single
barrier at the source which will dominate the device behavior.17
We do not include any substrate or gate but investigate the be-
havior of the isolated heterophase interface. A substrate below
the 2D TMDs may have several effects: a small change of the
band gap18, longer depletion widths19, and a modulation of the
work function or doping level20. A longer depletion width would
result in a lower tunneling current but wouldn’t change our con-
clusions. An estimate of this effect can be found in the Supporting
Information.† We use doping levels of ND/A = 4.9×1011 cm−2 and
ND/A = 4.6× 1012 cm−2. The first value corresponds to the esti-
mated p-doping level reported by Sung et al. 6 and the second
value is comparable with more recent estimated doping levels in
1H phase TMDs.21,22 The doping of a 2D material is extremely
difficult to control and even to measure. Since almost the entire
material is a surface, it is very sensitive to both the environment
and local impurities. This means that the doping level can vary
across a sample, which makes it important to consider, how dif-
ferent doping levels affect the barriers.
We apply three methods for the Schottky barrier extraction.
The DOS barrier, ΦDOS, is extracted from the projected DOS as
the distance between the Fermi level and the maximum (min-
imum) of the conduction (valence) band for the n-type (p-type)
devices. The TS barriers, ΦTS, are defined as the distance between
the Fermi level and the energy at which the device experience full
transmission. Our definition of full transmission is discussed in
the results section.
The last method applies the TE model to find the barrier, ΦIT,
from the temperature dependence of the current. As the name im-
plies, this model assumes that the current is dominated by coher-
ent transport of thermally excited electrons above the Schottky
barrier. From this assumption, a relationship between the cur-
rent, temperature, and barrier height can be derived, which can
be used to experimentally determine the Schottky barrier. The
most commonly used expression is,4,6,15,23,24
ITEn/p ≈±A∗2DT 3/2 e
− ΦITkBT e±
eVsd
kBT . (1)
Vsd is the voltage drop between the source (semiconductor) and
drain (metal), e is the electron charge, kB is the Boltzmann con-
stant, T is the temperature, A∗2D is the Richardson constant and
ΦIT is the barrier height. The different signs in front of the current
and bias originate from the fact that holes are the main charge
carriers in a p-type device. This means that the current runs from
drain to source and that the hole barrier is lowered by decreas-
ing the source-drain bias rather than increasing it. The barrier is
extracted by measuring the current in a range of different temper-
atures and extracting the slope in an Arrhenius plot of ln(|I|/T 2/3)
vs. 1/T. The barrier height becomes ΦITn/p =±eVsd −αkB for n- or
p-type devices respectively where α is the slope.
As mentioned previously, this model assumes a purely
thermionic current. However, many metal-semiconductor junc-
tions form tunneling barriers where the current will have con-
tributions from both the thermal excitation of the electrons and
the tunneling. The barrier extracted from the Arrhenius plot will
equal the Schottky barrier only if the tunneling contributions can
be neglected. This regime is attempted to be reached experimen-
tally either by fitting the current response at high temperatures
or by applying a gate voltage to reach the flat band condition. In
this condition, the semiconductor bands are completely flat and
no tunneling can occur. In our calculations, we do not attempt
to avoid tunneling contributions but rather seek to investigate
the effect these contributions have on the extracted IT barriers.
We have therefore not included a back-gate in our simulations
and will likewise compare our results to experimentally extracted
barriers measured at zero gate voltage.
We extract the IT barriers in accordance with the experimen-
tal method. A small bias of Vsd = ±0.01 V is applied for the n-
and p-type device, respectively, and we extract the barrier from
the temperature dependence of the total current using eq. (1).‡
We use a temperature range between 300 and 450 K to extract
the Arrhenius slopes which is similar to the range used in experi-
ments.
Fig. 1 The 1T’-1H interface of ML MoTe2 observed by Sung et al. 6
seen from, a, the side and, b, the top. Note, that only the region around
the interface is shown. The total cell size is (25.0, 0.718, 15.0) nm. The
shaded area show the unit cells of the two phases.
The calculations are carried out using DFT25,26 and the
non-equilibrium Green’s Function method as implemented in
QuantumATK.27 We apply the Perdew-Burke-Ernzerhof (PBE)28
exchange-correlation functional and a linear combination of
atomic orbitals using PseudoDojo pseudopotentials29 to expand
the wave functions. We use a continuous doping model where
‡Equation (1) assumes the limit where eVsd >> kBT whereas the opposite limit would
result in a T 1/2 dependence in the current and an Arrhenius slope which is inde-
pendent of the bias. We have investigated the effect of varying the temperature
exponent in the prefactor and found that the results depends only weakly on this.
We wish to investigate a broad temperature range and therefore choose the depen-
dence from equation (1) and a very small bias such that the slope is dominated by
the size of the barrier.
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Fig. 2 Projected DOS and transmission spectrum of the devices with n-
and p-doping of ND/A = 4.9×1011 cm−2. a and c show the band bending
and DOS barrier (orange) for electrons and holes respectively. b and d
show the transmission spectrum and the TS barrier (green) determined
using 1% of maximum transmission.
the electrons per atom is modified and a neutralizing compensa-
tion charge is added to the atomic charge.30 The doping is added
to those atoms which belong to the 1H phase before relaxation.
These are colored cyan and orange in Figure 1.
The generalized gradient approximation (GGA) functionals are
known to produce bandgaps and work functions which are too
small for the free standing TMD monolayers31–33. Our calcula-
tions show a 1H phase bandgap of 1.03 eV in agreement with
previous PBE calculations10–12. This should be compared to the
value of 1.56 eV obtained by GW calculations .34 However, since
we are interested in qualitative trends and orders-of-magnitude
differences, we expect the PBE functional to perform reasonably
well. We do not include the spin-orbit coupling which would open
a small gap in the 1T’ phase. This is justified by previous calcu-
lations35 showing that the barrier in TMD monolayer heterojunc-
tions changes very little when including this effect.
We set up the interface in the geometry found by Sung et al. 6
using tunneling electron microscopy. The interface is between the
(100)-edge of 1T’ and the (011¯0)-edge of 1H and is shown in Fig-
ure 1. We double the cell in the y-direction since this allows for a
small distortion that stabilises the interface compared to the sin-
gle cell geometry. The applied unit cells of the two phases are
shown as the shaded areas in Figure 1. The size of our compu-
tational cell for the NEGF calculations is (25.0, 0.718, 15.0) nm
and the k-point grid is (401, 6, 1). Further computational details
can be found in the Supplementary Information.†
Fig. 3 a Arrhenius plot showing the temperature dependence of the
total, tunneling and thermionic current with a bias of ±0.01 V for the
two devices with ND/A = 4.9× 1011 cm−2. Currents of the n- and p-
doped devices are shown in deep and light blue respectively. The IT
barriers are extracted from the slope in a temperature range of 300-450
K. b Temperature dependence of the IT barrier of the two devices. The
orange and green lines show the barriers extracted from the DOS and TS
respectively.
3 Results and discussion
We will begin by studying the devices with a doping level of
ND/A = 4.9× 1011 cm−2. For these devices, the depletion width
is too long for the interface states to play a part in the quantum
transport. These devices will therefore serve as a reference for
studying the effect of the interface states in the high-doping de-
vices. For each device, we calculate the projected DOS and the
transmission spectrum in equilibrium. The projected DOS of the
devices can be seen on Figure 2a and 2c. The n-doped device
shows a tunneling barrier and significant band bending. The bar-
rier height is 0.54 eV and the depletion width, xD, is found to be
5.7 nm, assuming a band bending following CB(x) ∝ e−x/xD . The
corresponding transmission spectrum can be seen on Figure 2b
showing significant contributions from tunneling. The transmis-
sion spectrum has several sharp features which stems from the
large variance of the DOS with energy in both of the 2D elec-
trodes. This makes the energy of full transmission difficult to
define. In order to find a barrier from the transmission, we there-
fore consider the energy interval where the transmission reaches
between 1 and 10 % of it’s maximum value. This corresponds to
a TS barrier between 0.61 and 0.70 eV. The barrier corresponding
to 1% of maximum transmission is illustrated on Figure 2b. Fig-
ure 2c and 2d show the corresponding projected DOS and trans-
mission of the p-doped device. In this case, the DOS barrier height
is 0.32 eV and the depletion width is 4.1 nm. The transmission
once again shows a significant tunneling contribution and the TS
barrier is between 0.32 and 0.59 eV corresponding to 1-10% of
maximum transmission. The large variance in the TS barrier
heights illustrates the difficulty of defining full transmission for
these nano-scale devices. We will refer to the TS barrier heights
corresponding to 1% of full transmission in the remaining of the
paper. These agree reasonably well with the barriers extracted
from the DOS.
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Fig. 4 Projected DOS, transmission spectrum, and Arrhenius plot of the devices with a doping of ND/A = 4.6× 1012 cm−2. a and d show the band
bending, interface states, and DOS barrier (orange) of the n- and p-doped device respectively. b and e show the transmission spectrum and the TS
barrier (green) of the two devices. c and f show the ky-dependence of the transmission spectra of the devices. The white star on c marks the position
at which the transmission eigenstates on Figure 5 have been calculated. g shows the Arrhenius plot and IT barriers at ±0.01 V bias. 201 ky-points
have been used for the non-selfconsistent calculations of the transmission spectra and current.
For the IT barrier extraction, we perform self-consistent calcu-
lations of the current and use the Landauer-Büttiker expression
to calculate the temperature dependence,
I =
2e
h
∫
T (E,µL,µR)×[
f
(
E−µL
kBT
)
− f
(
E−µR
kBT
)]
dE. (2)
h is Planck’s constant, and µL and µR are the chemical poten-
tials of the 1T’ and 1H electrode respectively. The current can
be separated into a tunneling and thermionic contribution by di-
viding the energy integral into a tunneling part running from the
center of the band gap to the barrier height observed in the DOS
and a thermionic part running from the barrier to infinity. The
resulting Arrhenius plot is seen on Figure 3a showing the total,
tunneling and thermionic current of each device. The n-doped
device shows a dominating tunneling behavior below 600 K and
thermionic behavior above, which can be identified by the two
distinct slopes above and below this temperature. These two
regimes indicate the existence of a tunneling barrier and the be-
havior agrees qualitatively with the ones reported by Sung et al. 6
and Ma et al. 8 . We extract an IT barrier of 0.37 eV in the tem-
perature range 300-450 K, which is a factor 1.5 lower than the
DOS barrier extracted from the equilibrium calculation. The tem-
perature dependence of the TE barriers is illustrated on Figure
3b. The barrier of the n-doped device is seen to be lower than
the two barriers extracted from the DOS and TS up to 750 K. This
shows that the tunneling current is non-negligible up to very large
temperatures.
The p-doped device shows a tunneling dominated current at
least up to 1000 K and the IT barrier is found to be 0.27 eV be-
tween 300 and 450 K. The temperature dependence of the barrier
is seen in Figure 3b and shows a very small variation with temper-
ature with a value below both the DOS and TS barrier. The small
variation with temperature reflects the linear behavior seen in the
Arrhenius plot and might therefore easily be mistaken to reflect a
purely thermionic current. This highlights the difficulty in inter-
preting these types of Arrhenius plots. From these investigations,
we can conclude that both n- and p-type MoTe2 heterophase junc-
tions form tunneling barriers. This makes both devices dominated
by tunneling currents in the 300-450 K regime and lowers the ef-
fective barriers found in the IT-characteristics by up to a factor of
1.5.
We now consider, how a higher doping level affects the de-
vices. The projected DOS of these devices are seen on Figure 4a
and 4d and show DOS barriers of 0.34 eV and 0.18 eV with a
depletion width of 1.6 nm and 1.1 nm for the n- and p-doped
devices respectively. The computational cells match those of the
lower doping level devices except that the highly n-doped device
is shortened to 15 nm’s in the x-direction to help convergence.
The projected DOS and transmission spectrum for all x- and en-
ergy points can be found in the Supplementary Information.† It
can be seen from the projected DOS of both devices, that one or
more localized interface states are present in the band bending
region between the Fermi level and the barrier height. In the n-
doped device the interface states are seen around 0.12 eV above
the Fermi level with a decaying DOS away from the interface both
towards the metal and the semiconductor. In the p-doped device
one or more localized states are seen 0.16 eV below the Fermi
level. It is important to highlight that these states are present in
the devices with a lower doping level as well. They are more dif-
ficult to see in the projected DOS of those devices as they, due to
the longer depletion width, couples less strongly with the states
in the semiconductor. This results in a smaller weight in the DOS.
The TS barriers are illustrated on Figure 4b and 4e. The TS bar-
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rier of the n-doped device is 0.30 eV and the p-doped device has
a TS barrier of 0.19 eV. A peak is seen in both transmission spec-
tra around the energy of the interface states. The peak is most
visible in the n-doped device where the position of the interface
states is well below the barrier height whereas it it more difficult
to see in the p-doped device, where the interface states are po-
sitioned very close to the barrier. Another difference in the two
spectra is that in the n-doped device, the transmission increases
very rapidly above the conduction band edge whereas for the p-
doped device, there is no transmission at the valence band edge.
The transmission onset occurs around 40 meV below the valence
band edge and rises much slower than the transmission of the
n-doped device. This is due to the conservation of momentum
perpendicular to the transport direction as we shall now see.
The ky-resolved transmission spectrum for both devices are
shown on Figure 4c and 4f. For the n-doped device, a reason-
ably range of ky points contribute to the transmission already at
the conduction band edge. For the p-doped device, the transmis-
sion is much more narrow in k-space. This is reflected in the rapid
decay of the transmission from the energy of the interface states
towards the transmission onset on Figure 4e where the transmis-
sion is summed over all ky-points. The k-dependence of the trans-
mission arises due to the different dispersion relations of the 1T’
and 1H phase. In order to have momentum conservation perpen-
dicular to the transport direction, a state must be available at the
same ky-value in both phases. This is possible for a larger range
of ky-points for the n-doped device than for the p-doped device.
This is also the reason why the transmission onset of the p-doped
device occurs below the valence band edge. There is no states
available in the 1T’ phase for transport at the valence band edge
of the 1H phase.
The temperature dependence of the currents is seen on Figure
4g and shows an IT barrier of 55 meV for the n-doped device and
0.16 eV for the p-doped device between 300 and 450 K. The n-
doped device shows tunneling dominated current up to around
740 K whereas the p-doped device becomes dominated by ther-
mal excitations already around 320 K. The very low IT barrier in
the n-doped device reflects the steep increase in the transmission
spectrum. A significant amount of current will be running al-
ready at low temperatures and the current will only have a weak
dependence on the temperature. In the p-doped device, the in-
terface states only has a small effect. This is partly because these
interface states are positioned close to the DOS barrier and partly
because only few states are available for transport.
The lowering of an IT barrier due to tunneling through a bar-
rier, which dominate the low-doping devices, is a well-known
phenomenon11,17 which also occurs in 3D systems36. The be-
havior seen in the highly n-doped device illustrates how the pres-
ence of interface states can increase the tunneling dramatically
and lower the IT barrier by more than a factor of 6. Using the
WentzelâA˘S¸KramersâA˘S¸Brillouin method37, we have estimated
the IT barrier of this device without the presence of the inter-
face states. The calculations can be found in the Supplementary
Information† and result in an IT barrier of 0.17 eV. This supports,
that it is the presence of the interface states, and not the well-
known barrier tunneling, which is responsible for the very low IT
barrier.
Fig. 5 Transmission eigenstates of the device with n-doping ND = 4.6×
1012 cm−2 at ε = 0.12 eV and ky =−0.3. a and b show the isosurfaces of
the eigenstate from the 1T electrode, ΨL, (green and yellow isosurface)
and the eigenstate from the 1H electrode, ΨR, (cyan and pink isosurface)
seen from the side and top of the ML respectively. c shows the norm of
the two eigenstates summed over the yz-plane and projected along the
x-axis. The fat trend lines have been created using Gaussian smoothing.
To illustrate the hybridization between the interface states and
the conduction band states, the transmission eigenstates of the n-
doped device at 0.12 eV above the Fermi level and at the ky-value
of -0.3 (as indicated by the white star on Figure 4c) are plotted on
Figure 5a and 5b. The green and yellow isosurface illustrates the
eigenstate originating from the 1T’ electrode, ΦL, and the pink
and cyan isosurface illustrate the eigenstate originating in the 1H
electrode, ΦR. It is seen that the transport primarily occurs be-
tween dyz like orbitals on the molybdenum atoms in the interface
and dz2 like orbitals in the 1H phase. On Figure 5c, we plot the
norm of the two transmission eigenstates. The state coming from
the 1H electrode decays at the interface but the exponential tail
of the conduction band states reaches into the 1T’ phase and the
transmission eigenstate rises again at the position of the interface
state. This illustrates that a coupling between the interface state
and 1H conduction band states is possible due to the short de-
pletion width. A similar analysis for the transmission eigenstates
in the p-doped device at the point indicated by the white star on
Figure 4f can be found in the Supplementary Information† and
show the same behavior.
To summarize, our investigations show that the effective bar-
rier extracted from the IT-characteristic can be decreased dramat-
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ically due to interface states, and we can state three conditions
for the effect to be present. Firstly, the bond types in the inter-
face must host interface states which are placed relatively close
to the Fermi level. Secondly, the depletion width must be short
enough to allow for an overlap between the interface states and
conduction or valence band states in the 1H phase. Finally, there
must be a reasonable amount of available states for momentum
conserving transport at the energy of the interface states. TMDs
with group six metals have very similar dispersion relations and
chemical bonds. We therefore find it very likely that the effect
will be present in other heterophase devices as well.
Type Doping (cm−2) ΦIT Fit range
n-type - 10 meV 5 300-450 K
p-type 4.9×1011 24 meV 6 150-300 K
p-type - 25 meV 8 240-300 K
Table 1 Experimentally measured IT barriers of MoTe2 heterophase de-
vices at zero gate voltage
One reason to investigate the IT barriers of the devices is to
get a better understanding of why experimentally extracted bar-
riers are much smaller than the barriers extracted from ab-initio
calculations. We will therefore compare our results to the pre-
viously measured barrier heights for MoTe2 heterophase devices
which are summarized in Table 1. Note, that these results are
extracted at zero gate voltage which allows us to make the com-
parison with our calculations. Our IT barrier of the highly doped
n-type device is the only one which comes close to these values.
That being said, the fabricated devices differ from our devices in
many ways. Multi-layer and substrate effects, the presence of de-
fects, and finite temperatures may all affect the size of the barrier.
The presence of defects could very well increase the probability of
localized states in the interface and electron-phonon interactions
could lead to phonon assisted tunneling. Inelastic transport has
previously been shown to have a large effect on the transmission,
for instance, it strongly dominates in a reverse biased silicon p-n
junction38. This would eliminate the need for momentum con-
servation which severely repressed the tunneling in the highly
p-doped device.
4 Conclusions
In conclusion, we have extracted the Schottky barriers of mono-
layer MoTe2 1T’-1H heterophase junctions of n- and p-type us-
ing three different methods. We found that localized interface
states are present in these devices. For sufficiently short widths
of the depletion region, these states hybridize with the states in
the 1H phase and significantly enhance the tunneling current. In
the highly n-doped device, this decreases the barrier determined
from the IT-characteristic to 55 meV, which is comparable to ex-
perimentally determined barrier heights and which is more than
a factor of 6 lower than the barrier seen in the projected DOS. In
the low-doping devices, we found that the depletion width is too
long for the interface states to affect the transmission through the
device. Regular tunneling effects reduce the IT barriers by a factor
1.5 for the n-doped device and 1.2 for the p-doped device. How-
ever, the size of these barriers remains an order-of-magnitude
larger than the experimentally measured barriers. Our results,
combined with the results of previous ab-initio studies,9–13 sug-
gest that the low Schottky barriers measured in these systems are
not caused by a perfect line-up between the bands in the two
phases but rather by large tunneling currents which are mediated
by localized interface states.
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